Abstract: Cytochrome P450 enzymes are heme-containing mono-oxygenases that mainly react through oxygen-atom transfer. Specific features of substrate and oxidant that determine the reaction rate constant for oxygen atom transfer are still poorly understood and therefore, we did a systematic gas-phase study on reactions by iron(IV)-oxo porphyrin cation radical structures with arenes. We present herein the first results obtained by using Fourier transform-ion cyclo-tron resonance mass spectrometry and provide rate con-stants and product distributions for the assayed reactions. Product distributions and kinetic isotope effect studies impli-cate a rate-determining aromatic hydroxylation reaction that correlates with the ionization energy of the substrate and no evidence of aliphatic hydroxylation products is observed. To further understand the details of the reaction mechanism, a computational study on a model complex was performed. These studies confirm the experimental hypothesis of dominant aromatic over aliphatic hydroxylation and show that the lack of an axial ligand affects the aliphatic pathways. Moreover, a two-parabola valence bond model is used to rationalize the rate constant and identify key properties of the oxidant and substrate that drive the reaction. In particular, the work shows that aromatic hydroxylation rates correlate with the ionization energy of the substrate as well as with the electron affinity of the oxidant.
Introduction
Aromatic hydroxylation is a challenging catalytic reaction because a very strong C@H bond of a substrate needs to be broken in the process. Several enzymes in nature have developed procedures to enable an aromatic hydroxylation or even a dioxygenation. [1] Among those are the nonheme iron dioxygenases that regio-and stereospecifically dihydroxylate an aromatic substrate into a catechol. [2] Highly relevant for environ-
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mental purposes are, for instance, the naphthalene dioxygenases that have functions in biotechnology that include the cleaning up of oil-spills and removal of aromatic compounds from soil. [3] Also, in the human body applications of heme and nonheme iron dioxygenases are found, for instance, for the biodegradation of aromatic amino acids starting with a mono-or dihydroxylation reaction. [4] Further arene-activating enzymes in the body include the thiolate-ligated heme mono-oxygenas-es called cytochromes P450 (P450) that have been shown to hydroxylate arenes to phenols as a means to metabolize drugs as well as xenobiotic molecules in the liver. [5] The full details of the mechanism of the latter processes are still shrouded in many mysteries and so far, no experimental reaction rates have been obtained. Progress in understanding the P450-type reaction mechanisms has been made in the fields of computational chemistry and lowpressure mass spec-trometry. [6, 7] In particular, recently, Fourier transform-ion cyclo-tron resonance mass spectrometry (FT-ICR MS) has been used by us to trap and characterize a pentacoordinated model com-plex of the active species of P450 enzymes (Compound I, CpdI) . [8] We have utilized this experience and measured low-pressure thermal rate constants of aromatic hydroxylation by this CpdI model for the first time and present these results here.
P450 CpdI is a high-valent iron(IV)-oxo heme cation radical, which is bound to the enzyme through a thiolate bridge of a conserved cysteinate residue. It has been spectroscopically trapped and characterized at low temperature for one specific isozyme, but experimental rate constants could be determined for only very few substrates due to its short lifetime. [9] As such, much is to be gained from understanding the reactivity pat-terns of CpdI with substrates and particularly on the regiose-lectivity and bifurcation patterns leading to a variety of prod-ucts. On the other hand, CpdI and its reactivity patterns with substrates have been extensively studied with computational methods and detailed mechanisms of aromatic and aliphatic hydroxylation as well as sulfoxidation were established.
[10] Figure 1 shows the active site description of P450 CYP120 A1 with the heme and its link to Cys391 highlighted. These crystal structure coordinates contain retinoic acid as a substrate in the vicinity of the heme on its distal site. [11] CpdI was shown to be a versatile oxidant and to react efficiently with a variety of different substrates. In our previous work we reported a combined mass spectrometric and computational study on a biomimetic model of CpdI, in which the protoporphyrin IX was replaced by 5,10,15,20-tetrakis(pentafluorophenyl) porphyrin (TPFPP), Figure 1 b. [12] The ensuing [Fe IV (O)(TPFPP + C)] + cation was trapped in the cell of an FT-ICR mass spectrometer and its reactivity studied with a selection of olefins. 
Results

Experiment
In previous work, we established working procedures for the trapping of high-valent transition-metal-oxo intermediates in an FT-ICR MS. [7, 12] These studies identified structures with m/z 1044 in the mass spectrum representing [Fe IV (O)(TPFPP + C)] + ions in good abundance and with long enough lifetime to enable ion-molecule reactions in the gas-phase. These proce-dures enabled us to do a systematic study into olefin epoxida-tion by these ions, [12] which established reactivity trends and a model that accounts for the observed reactivity. We decided to follow the study up with a systematic account on arene hy-droxylation processes. In particular, a series of 16 aromatic sub-strates were investigated and their second-order rate constants (kexp) determined in a reaction with [Fe IV (O)(TPFPP + C)] + . Note that due to bifurcation processes, multiple reaction channels and products are possible, leading to aromatic and aliphatic hydroxylation products. Using the Average Dipole Orientation (ADO) theory (see Methods), the experimental rate constants were converted into reaction efficiencies (F) that represent the fraction of reactive collisions. Table 1 summarizes the experimentally determined reaction rates for all substrates as well as their individual product distributions. Also included are ionization energies (IE) taken from the NIST database. [13] These studies established rate constants for olefin epoxidation, showing them to correlate with the ionization energy (IE) of the substrate that is activated. Subsequently, DFT calcula-tions confirmed the observed trend and using a valence bond (VB) scheme highlighted the major components of the oxidant and substrate that contribute to the free energy of activation. To gain further insight into the reactivity patterns of CpdI model complexes using a combined FT-ICR MS and DFT ap-proach, we decided to follow up our studies with work on aro-matic hydroxylation. We propose a nucleophilic addition path-way as the rate determining reaction step, whereby the rate is determined by the ionization potential of the substrate and the p/p* energy splitting of the CpdI models as well as elec-tron reorganization energies within the complex. Furthermore, it is found that the removal of the axial cysteinate ligand as in the FT-ICR MS model used here raises the energies of the ali-phatic hydroxylation pathways dramatically and prevents these product channels. The studies, therefore, give evidence of the axial ligand to be crucial in determining the activity and poten-tial of the reactive oxidant of P450 enzymes. However, addition products are obtained in significant amounts with percentages of up to 40 % (with mesitylene), whereas for benzaldehyde this is the sole reaction channel. Figure 2 displays the reactant and product abundancies as the OAT and Add channels are constant as a function of time for ethylbenzene as well as m-xylene with ratios of m/z 1028: m/z 1150 ion abundancies of 2.5 and 13, respectively. This implies that these products originate from the same source and most probably, product release from the iron(III) complex and, most probably, is a slow process.
To find out whether the reactivities and, in particular, the product distributions relate to aromatic or aliphatic hydroxyl-ation pathways, we repeated some of the reactions with deu-terated substrates. Thus, we tested ethylbenzene with all ali-phatic hydrogen atoms replaced by deuterium ([D5]-ethylben-zene) and fully deuterated ethylbenzene ([D10]-ethylbenzene). As can be seen from Table 1 , the substrate deuteration has a small but nonsignificant effect on the reaction efficiencies and product distributions. Therefore, it can be concluded that the reaction between [Fe(O)(TPFPP + C)] + and ethylbenzene does not proceed with a rate-determining hydrogen atom ab-straction. The indication is rather that these reactions with deuterated substrates strongly implicate an aromatic hydroxyl-ation of substrates. The product ratios also suggest that an ethylphenol product (as obtained from ethylbenzene) is more
Theory
To support the experiments and gain insight into the details of the reaction mechanism, we followed the work up with an extensive DFT study to establish reactivity trends. Our initial work was aimed at the aromatic hydroxylation mechanism of arenes by 4, 2 [Fe IV (O)(TPFPP + C)] + , although we utilized a model without porphyrin substituents here, that is, porphyrin (Por). The inves-tigated arenes in this work were mesitylene (1), toluene (2), ethylbenzene (3), fluorobenzene (4), chlorobenzene (5), naph-thalene (6), iso-propylbenzene (7) and tert-butylbenzene (8) . Test calculations with the full TPFPP model were also performed but found to give only minor differences in structure and reactivity with respect to the smaller porphyrin complex without side groups (see Supporting Information). Figure 3 shows the aromatic hydroxylation reaction of the para-position of toluene (PhMe; henceforth indicated with the subscript 2 beside the label of the structure) by the doublet and quartet spin states of [Fe IV (O)(Por + C)] + as calculated with DFT as an ex-ample. Thus, the reaction starts with an electrophilic attack of the oxo group on the para-carbon atom of the substrate that Overall, the aromatic hydroxylation reaction is stepwise with shown previously by calculations on P450 model complexes, a rate determining electrophilic addition step with a barrier of the ipso-proton is abstracted by the porphyrin group via transi-DE L +ZPE =8.8 (5.4) kcal mol @1 on the quartet (doublet) spin tion state TS2 to form the protonated porphyrin structure I2.
states. These values compare well with previous studies of aliFinally, the proton is relayed to the phenolate group via transiphatic and aromatic hydroxylation by iron(IV)-oxo porphyrin tion state TS3 to form phenol products (P). [14] cation radical complexes. [12, [16] [17] [18] An analysis of the group spin densities and charges estab-Thereafter, we completed the investigation of TS15 as seen experimental evidence of fast electron transfer during the C@O before in aromatic hydroxylation by P450 CpdI models. [14] 4, 2 4, 2 bond formation step and hence support the formation of a catIn addition, we calculated TS1 and I1 for the following ionic intermediate. [15] substrates: mesitylene, ethylbenzene, fluorobenzene, naphthaAfter the cationic intermediates (I1) the substrate loses its lene, iso-propylbenzene and tert-butylbenzene, whereby we ipso-proton to the porphyrin ring via a small reaction barrier of give the label as a subscript after the structure name. In gener-2.5 kcal mol @1 on the quartet spin state and 1.1 kcal mol @1 on al, the same structural trends are observed in the quartet and the doublet spin surface. This proton-transfer intermediate (I2) doublet spin states and the mechanism is the same. then relays the proton back to the phenolate oxygen atom to
As can be seen strong geometric differences are found upon form phenol products via another transition state TS3 lying changing the para-substituent of the arene, whereby the 4 TS1 close in energy to I2. structure for fluorobenzene gives Fe@O and O@C distances of The rate determining step in the reaction mechanism, how-1.703 and 1.942 &, while with ethylbenzene these distances ever, is the electrophilic addition step via TS1, which elongates change to 1.689 and 2.005 &, respectively. Similar differences the Fe@O bond to 1.691/1.666 & in 4, 2 TS12 and has the sub-are seen for the other complexes as well as in the value of the strate in an almost upright position. An analysis of the group imaginary frequency in the transition state. Nevertheless, all spin densities (1) establishes it as a radical-type transition state TS1 structures shown in Figure 4 represent the same electronic with spin densities of 2.22 (1.96), 0.26 (@0.49) and 0.52 (@40.47) transition of electron transfer from arene to a1u and the accuon the FeO, Por and PhMe groups, respectively, in TS12 mulation of radical character on the arene group. Moreover, ( 2 TS12). As the reactant state has an electronic configuration the transition state structures are geometrically alike with the p*xz 1 p*yz 1 a1u 1 with spin density of about 2 on the FeO group substrate in virtually the same orientation in all cases. The ocand 1 on the porphyrin ring, this implies that radical character currence of an electron transfer equilibrium preceding aromaton the porphyrin manifold is lost in the transition state. In paric hydroxylation by a compound I model within a solvent cage ticular, an electron transfer from substrate into the a1u orbital has been highlighted. [15] The electrophilic addition transition has occurred to create a transition state with configuration apstates shown in Figure 4 IH. In both aliphatic hydrogen atom abstraction tranatoms of the porphyrin ligand in the doublet and quartet spin sition states significant radical character (1=@0.52 for both) is states. These proton transfer barriers have relatively small obtained. In a subsequent radical rebound barrier the OH imaginary frequencies, i385 cm @1 ( 4 TS22) and i210 cm @1 ( 2 TS22), group is transferred to substrate to form alcohol product comas compared to typical hydrogen atom abstraction transition plexes 4 PH. The hydrogen atom abstraction is rate determining
states where values of well over i1000 cm @1 were found. [16] and has a relatively central transition state with elongated C@H From the I2 intermediates another proton transfer leads to the distances of 1.202 & for both toluene and ethylbenzene. In phenol product complexes with high exothermicity. A small both structures the Fe@O bond has elongated to well over barrier TS3 is obtained in both spin states.
1.7 &. Energetically, the hydrogen atom abstraction barriers are higher than the arene activation barriers TS1 shown in Figure 4 by well over 15 kcal mol @1 . Therefore, the dominant pathway is expected to be aromatic hydroxylation of arenes by [Fe IV (O)(Por + C)] + and little or no aliphatic hydroxylation products should be observed. The [Fe IV (O)(Por + C)] + system, as a con-sequence, reacts sluggishly with aliphatic groups, in contrast to iron(IV)-oxo porphyrins with an anionic axial ligand. Previ-ously, we and others showed that the barrier heights of aliphatic hydroxylation reactions correlate with the bond dissociation energy (BDEOH) for the formation of the iron(IV)-hydroxo species from the iron(IV)-oxo species and a hydrogen atom. [19] This , whereas for a P450 CpdI model a value of 88.9 kcal mol @1 was obtained. [20] In aliphatic hydroxylation the energy of the hydrogen atom abstraction step is equal to the difference in BDECH of the substrate and the BDEOH of the oxidant. too high and, therefore; this pro-cess will not be able to compete with lower energy reaction channels, such as substrate epoxidation and aromatic hydroxyl-ation. Thus, the efficiency and reaction rate constant of aliphatic hydroxylation was shown to be linearly correlated with BDEOH, [19b] hence the system without axial ligand, that is [Fe IV (O)(Por + C)] + , has reduced catalytic efficiency for aliphatic hydroxylation. Clearly, the axial cysteinate ligand in P450 en-zymes affects the reactivity properties of the oxo group and thereby makes it a better oxidant. Electrophilic reactions, such as aromatic hydroxylation and epoxidation, however, tend to connect with the ionization energy of the substrate and the electron affinity of the oxidant, [21] which is appropriate for [Fe IV (O)(Por + C)] + to perform these reactions.
Discussion
In this work a comprehensive overview of arene activation by + is given as mimics of P450 CpdI reactivity with substrates. As some of the substrates have aliphatic substituents to the arene, our initial work fo-cused on establishing the nature of the reaction products. Un-fortunately, aliphatic and aromatic hydroxylation of arenes gives products with equal mass and as such cannot be distin-guished by mass spectrometry. Moreover, the fragmentation patterns of the products did not give direct evidence of what pathway was followed either. Hence, FT-ICR MS cannot distin-guish the two products directly. We, therefore, repeated the experiments with deuterium-labelled compounds, which gave only minor changes to the rate constants and implicated that the rate determining step does not include a hydrogen atom abstraction.
To gain further insight into the details of the reaction mechanism and the bifurcation processes, computational modelling was performed. In particular, DFT studies on the relative barriers for aliphatic versus aromatic hydroxylation reactions were performed (Figures 4 and 5) and confirmed the latter to be well lower in energy. As such, in the gas-phase the [Fe IV (O)(TPFPP + C)] + complex will preferentially react via aromat-ic hydroxylation over aliphatic hydroxylation with substrates. Nam et al. [22] Subsequent computational modelling showed that the axial ligand affects the electron af-finity and O@H bond strength (bond dissociation energy, BDEOH) and hence affected the relative barriers of aliphatic versus aromatic hydroxylation. [14b, 23] To gain further insight into the intricate details of the bifurcation processes, below, a mo-lecular orbital and valence bond interpretation of the mecha-nisms is shown. First, however, a discussion of the experimen-tal reaction trends is presented.
To find trends and a rationale in the obtained rate constants and particularly find evidence on the properties of the catalyst/oxidant that determines the reaction process, we decided to search for physicochemical properties of substrate and oxiFor the set of substrates with aliphatic substituents also dant in correlation with the rate constant. These analyses a plot of ln kexp versus BDECH was attempted (Figure 6 b), howshould give insight into the fundamental properties of P450 ever, no clear linear correlation is found. Based on this eviCpdI and how it is able to activate arenes. To this end, we de-dence the aliphatic hydroxylation pathway can be ruled out as cided to plot the natural logarithm of the rate constant against a viable mechanism for arene activation by [Fe IV (O)(TPFPP + C)] + physical chemical properties of the substrate and oxidant, inand, based on the reactivity trends as well as the kinetic isocluding the ionization energy of the substrate. Thus, previously tope effect (KIE) values, the dominant pathway is aromatic hyit was shown that reactions starting with a rate-determining droxylation. hydrogen atom abstraction generally correlate with the Figure 7 gives the corresponding plot for the correlation bestrength of the C@H bond that is broken, that is, the bond dis-tween the ionization energy and the computationally deter- [24, 25] However, aromatic hydroxylation mined aromatic hydroxylation free energy of activation calcusociation energy (BDECH).
pathways by metal-oxo complexes were shown to connect to lated for the various 4, 2 TS1 structures for the substrates in the ionization energy (IE) of the substrate. [25] Figure 4. In agreement with the experimental result, a linear Figure 6 displays plots of the natural logarithm of the expericorrelation between barrier height and ionization energy is mentally determined rate constant versus the ionization found with an R 2 =0.91 (quartet) and 0.93 (doublet). As such, energy of the substrate (part a) and the BDECH value of the aliboth experimental reaction rates and computational barrier phatic group of the substrate (part b). As can be seen from heights implicate a linear correlation between the natural loga- Figure 6 , the ionization energy of the substrate follows a linear rithm of the rate constant and ionization energy. As both excorrelation with the ln kexp value with an R 2 value of 0.88. Inter-periment and theory give the same correlation, of course, the estingly, the rate constants for benzene and naphthalene actiexperimental rates also correlate linearly with the computavation by [Fe IV (O)(TPFPP + C)] + do not fit the trend. This may be tional barrier heights. Moreover, using the found trends, this due to the fact that these substrates approach the oxidant difenables us to predict reaction rates of alternative substrates. ferently and give extra interactions with the oxidant. Aromatic For instance, the rate constants for aromatic hydroxylation of hydroxylation, similarly to double bond epoxidation, therefore, chlorobenzene and fluorobenzene could not be measured. gives rate constants that are proportional to the IE of the sub-However, the trend from Figure 6 a and Figure 7 a enable us to strate involved. [25] This means that any oxidant reacting with predict their values as 4.8 and 5.0 0 10 @11 cm 3 molecule @1 s @1 , rea substrate containing an arene and a double bond as a sepa-spectively. Similarly, we predict barrier heights at B3LYP level of rate group will give preferential aromatic hydroxylation rather theory from the experimental trend in Figure 6 , respectively, which are within a mean error of 2.8 kcal mol @1 of the DFT calculated results (Supporting Infor-mation). Electronically, the fact that the trends correlate with ionization energy implicate that the electron transfer from substrate to oxidant will determine the reaction rate. The trends in reac-tivity also imply that none of the products observed in the mass spectra can correlate with aliphatic hydroxylation prod-ucts. Therefore, the product ions with m/z 1028 and m/z 1150 (Figure 2 ) originate from the aromatic hydroxylation of sub-strates. Clearly, product release from the iron(III) complex is a slow process and a mixture of metal-ligated and free phenol products are obtained.
Evidently, the rate constant and reactivity patterns of the iron(IV)-oxo porphyrin complex with arenes is dependent on key properties of the oxidant and substrate. In order to improve catalyst design and find novel oxidants for this reaction process, we delineated the transition-state barrier into fundamental properties of oxidant and substrate. This analysis identi-fies the origin of the reaction mechanism and explains how the oxidant can be further improved for better catalysis.
To understand the obtained trends and correlations we used a parabolic approximation of previously described VB models to explain the reaction barrier. [26] Figure 8 displays the basic Figure 8 . Two-parabola curve crossing model for the prediction of barrier heights.
features of the two-parabola crossing model, where we assume the reactant complex (R) to reside in a local minimum that can be described by a parabola with function yR =ax 2 with yR being the energy function of the reactant complex, x the re-action coordinate and a is a constant that describes the curva-ture of the reaction coordinate function. The reactant complex is defined as the starting point of the reaction with coordinates xR =0 and yR =0. For the product complex we describe the po-tential energy surface with another parabola that is shifted from the reactant parabola and hence has function yP =bx 2 + cx +d with b, c, and d being some constants that describe the curvature and extremes of the parabola. We now assume that the product local minimum is located at a reaction coordinate with value x =1 and the transition state at the half-way point (x = 1 =2). That means the two curves for yR and yP will cross at xcross = 1 =2 and create a crossing point, at energy yP( 1 =2) =DEcross, which will ultimately lead to an avoided crossing and a transition state for the reaction. One can see from Figure 8 that yP(0) =d =EFC,R, whereby EFC,R represents the FranckCondon energy at the reactant geometry. Furthermore, yP(1) is equal to the driving force for the reaction (DErp). Using the information for the first derivative of yP at the point x =1, that is, yP'(1) =0, we can now derive Equation 4 for yP( 1 =2) as a function of the driving force for the reaction and the FranckCondon energy at the reactants geometry. .
Using Equations 4 and 5 we can predict the barrier height for the reaction in terms of the driving force for the reaction (DErp), the change in electronic configuration between the reactant and product state in the geometry of the reactants (EFC,R) and the resonance energy B. Values for the driving force are taken as the difference in energy (DE +ZPE) between reac-tant complex (R) of 4 CpdI and substrate with the radical inter-mediate 4 I1. Figure 9 shows the curve crossing diagram with key valence bond (VB) structures of critical points along the reaction mechanism. The difference in VB structure between the reactant and product structures in the geometry of the reactants will Valence bond structures give electrons as dots. Orbital occupation and hybridization changes are indicated with the orbital diagram.
determine the value of EFC,R. These diagrams have been used previously to rationalize barrier heights of chemical reactions and explain what features of substrate and oxidant affect the value of the barrier height. [21, 27] The diagram starts on the bottom-left with the reactant configuration of [Fe IV (O)(Por + C)] + and arene. Thus, in the ground state the system has three unpaired electrons distributed over the p*xz, p*yz and a1u molecular orbitals. The pxz/p*xz and pyz/ p*yz molecular orbitals represent the bonding and antibonding combinations of 3d orbitals on Fe with 2p orbitals on oxygen. The a1u orbital is a nonbonding p-orbital on the porphyrin ring and is close in energy to the a2u orbital. In previous work on [Fe IV (O)(Por + C)] + we found several close-lying electronic states with either doublet or quartet spin and single occupa-tion of a1u or a2u. [12] The three green dots along the Fe@O bond in Figure 9 represent the pxz/p*xz electrons, while the ones in red are the pyz/p*yz electrons. Both sets of p/p* orbitals form a three-electron bond along the Fe@O group. Upon formation of the intermediate complex either a radical or cationic struc-ture is formed. In both cases the C@O bond is formed from one of the electrons of the p-cloud of the substrate plus an electron from the pxz/p*xz system. This means that electrophilic addition will result in the breaking of the p-system of the sub-strate and the set of six electrons in the substrate p-system (p1, p2 and p3 orbitals), will be split into a 2pC atomic orbital for one carbon and a conjugated p-system over the remaining five carbon atoms with orbitals p1', p2' and p3'. Breaking the pcloud of the substrate, will cost the system an energy Ep,arene. Of course, the breaking of the p-cloud will also be correlated to the excitation energy in the p-system as well as the ionization energy for removal of an electron from one of the p-orbitals.
As such, the barrier height and the driving force for the reac-tion are likely to correlate with the ionization energy of the substrate as indeed shown in Figure 6 a and Figure 7 . By con-trast, the cationic pathway will more likely be connected to the second ionization energy of the substrate as apart from the breaking of the p-orbitals of the substrate and also an electron will have to transfer to the oxidant.
In the calculations presented in Figures 3 and 4 the intermediates are of a cationic nature with an electronic configuration of 3dxz 1 pyz 2 p*yz 1 s*z2 1 a1u 2 p'3 0 with spin density of less than 0.1 on the aromatic ring and a value of about 3 on the FeO unit. Interestingly, the transition states give significant radical character on the aromatic ring, typically 0.50-0.70, so that these transition states should be considered as radical-type transition states connecting the reactants with the radical in-termediates. For the estimation of the barrier heights from the VB structures, therefore, we will use the driving force to reach the radical intermediates, DErp,rad. On the oxidant side of the reaction, a number of electron transfer and orbital reorganizations happen, which enable us to predict the value for EFC,R,rad.
Firstly, the pxz/p*xz set of orbitals (highlighted in green in the VB structures for the reactant and the transition state) split back into atomic orbitals (3dxz and 2pO), which will cost the system Ep/p*xz in energy. One of the electrons of 2pO pairs up with the single electron in 2pC and forms the new C@O bonding orbital sCO. The value of Ep/p*xz is determined from the relative energies of the two orbitals in the reactant complex and is 85.2 kcal mol
@1
. The remaining two electrons stay on the metalporphyrin side of the system and one of those electrons is promoted into the a1u orbital to fill it with a second electron with excitation energy EExc,xz!a1u. Figure 3 and 4 above. As such, the two-parabola curve crossing diagram gives a good quantitative representation of the reaction mechanism and the kinetics obtained. Moreover, the model gives hints on the key electronic properties of oxidant and substrate that determine the rate determining reaction step.
Equation 6 shows that the barrier height for aromatic hydroxylation should be proportional to the excitation energy of the p-cloud of the substrate arene, which, of course, is propor-tional to the ionization energy. Indeed that is what we observe above in Figure 6 and Figure 7 . The fact that the rate constants for benzene and naphthalene do not fit the trend displayed in Figure  6 could be explained as those systems following a cat-ionic pathway rather than a more radical pathway and hence should correlate with EFC,R,cat rather than EFC,R,rad.
In the case of electrophilic addition, however, there is also a pathway leading to a cationic intermediate with wave func-tion YCat. This electronic configuration can be formed from the radical intermediate through an electron transfer from the sub-strate psystem into the s*z2 orbital of the metal. As such, we expect there to be a direct transition state leading to the radi-cal intermediate as well as one to form the cationic intermedi-ate, although the latter is higher in energy. These transition states will be proportional to the FranckCondon energy from the reactant state to the excited state representing the prod-uct electronic configuration. Figure 8 gives descriptions for the Franck-Condon energies reaching the radical state (EFC,R,rad) and the one leading to the cationic state (EFC,R,cat). Based on the electronic differences between ground and excited state configurations, we established the individual contributions determining these excitation energies. As it happens, the excitation energy leading to the cationic state contains all features of the one leading to the radical state plus two additional terms, namely the ionization energy of the substrate (IESub) and the electron affinity of the metal in the radical intermediate, which
is the reduced form of the iron(IV)-oxo species, namely EACpdII. Therefore, in the transition state the cationic process is higher in energy and only after the barrier a crossover from radical to cationic pathway will be observed leading to the cationic intermediate and fast conversion to phenol products. The DFT and
Conclusion
A combined FT-ICR MS and DFT study is performed on the re-activity of arenes with a model of P450 CpdI without axial ligand. It is shown that removal of the axial ligand gives a dom-inant aromatic hydroxylation pathway and no evidence of ali-phatic hydroxylation is found. In general, the natural logarithm of the rate constant of aromatic hydroxylation links linearly with the ionization energy of the substrate. The explanation of this finding is supported within the framework of a Valence Bond model.
Experimental Section Materials
All chemicals and solvents used for this work were research grade and purchased from commercial sources. Iodosylbenzene was used as a terminal oxidant for the synthesis of the iron(IV)-oxo complex and was generated according to a literature procedure, [29] and subsequently stored at @20 8C prior to usage.
Instrumental
A Bruker BioApex FT-ICR mass spectrometer was used for all experiments described here, which includes a cylindrical infinity cell, a 4.7 T superconducting magnet and an Apollo I electrospray ioni-zation (ESI) source. Analyte solutions of reactants were infused into the mass spectrometer through a fused-silica capillary with internal diameter of 50 mm at a continuous flow rate of 120 mL h @1 by a sy-ringe pump. Ions were desolvated by applying an N2 counter cur-rent drying gas heated at 380 K and then accumulated for 0.8 sec-onds in a radiofrequency-only hexapole ion guide. Thereafter, the ions were pulsed into the ICR cell that is held at room temperature (300 K). 
In the mass spectra, corrections for 13 C isotopic contributions were applied in order to reveal possible species deriving from a hydrogen atom transfer channel, namely [Fe IV (OH)(TPFPP)] + ions at m/z 1045, presenting a formally protonated ferryl unit.
Ion abundances were monitored as a function of time and pseudo first-order rate constants were obtained from the slope of the semi-logarithmic plots. These values, determined at least in tripli-cate, were then converted into second-order rate constants (kexp) by dividing the parent ion abundances by the substrate concentra-tion at 300 K. Reaction efficiencies (F) were calculated from the ratio of the second-order rate constant and the collision rate con-stant (kADO), Equation 8 . Values for kADO were calculated using the parametrized trajectory theory. [30] F ¼ kexp=kADO > 100 % ð8Þ culations at the UB3LYP/BS2 level of theory: BS2 is LACV3P + on iron (with core potential) and 6-311 +G* on the rest of the atoms. Free energies are reported at a temperature of 298 K and 1atm pressure and include zero-point, thermal and entropic corrections under standard conditions. Although the experiments were per-formed in the gas-phase, we also tested the effect of solvent on the obtained rate constants from single point calculations using the polarized continuum model in Gaussian with a dielectric con-stant mimicking acetonitrile. All structures represent full geometry optimizations without constraints and were characterized with a frequency calculation as either a local minimum (real frequencies only) or a first-order saddle point.
Product ion branching ratios and reaction efficiencies were found to be independent of the pressure in the ICR cell. The error in the estimated second-order rate constants (kexp) is to within 10 % with an absolute error of :30 %, caused largely by the uncertainty af-fecting the pressure of the neutral. [31] Sample preparation 
Computation
To support the experimental observations and determine further trends and features of the reaction mechanism, we did a detailed DFT study on aromatic hydroxylation by [Fe IV (O)(Por + C)] + , where Por represents an unsubstituted porphyrin ligand. We also tested the full [Fe IV (O)(TPFPP + C)] + system but found very little differences in geometry, electronic description and reactivity with respect to the [Fe IV (O)(Por + C)] + system (Supporting Information Figure S4 ), hence the latter was used here. All calculations were performed in Gaussian-09, [32] and implemented DFT methods. Test calculations with a range of density functional methods show little sensitivity of the amount of exchange and correlation to optimized geome-tries and the potential energy landscape gives the same pattern (Supporting Information Tables S1-S20) , therefore, we will show results obtained with the B3LYP [33] density functional method only as that will enable a direct comparison with our previous work. [12] Initial geometry optimizations and constraint geometry scans were performed at the UB3LYP/BS1 level of theory: BS1 is LACVP on iron (with core potential) and 6-31G on the rest of the atoms. [34] The maxima of the geometry scans were then used as starting points for the transition state searches, which established first-order saddle points with a single imaginary frequency for the correct mode. Improved energies were obtained through single point cal-
